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Abstract 
New materials developed for aerospace structures continuously improve aircraft safety. New multifunctional nanostructured 
materials with exceptional properties must be tested and validated to exploit their full potential. Delamination is a typical damage 
mode for laminated composites. Therefore, reliable information regarding crack growth behaviour is needed for all operational 
environments of an aircraft operated at room temperature, as well as at cryogenic and elevated temperatures. In this paper, crack 
growth monitoring in a climatic chamber on double-cantilever beam (DCB) specimens using optical devices and acoustic 
emission (AE) techniques are described. A relationship between cumulative AE energy and crack growth in a plain-weave carbon 
fibre–reinforced epoxy is investigated under constant displacement rate loading at +80 °C and -55 °C. Test results are evaluated 
for specimens with nanofillers in the microstructure and for a reference material. The mechanical properties during delamination 
are represented by fracture toughness GIC, and they are also correlated with the AE data. The elevated test temperature caused a 
decreased rate of released AE energy. The results are affected by both temperature and material. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
Resistance to various modes of failure directly affects the mechanical properties of carbon fibre–reinforced 
polymers (CFRP) represented by fracture toughness. The ability to predict damage extension according to damage 
tolerance philosophy is required for the design of aircraft structures [1]. 
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Delamination (interlaminar failure) is considered to be the most common failure mode and may occur under three 
different loading conditions (modes I, II and III). The double cantilever beam (DCB) test method may be applied to 
determine the mode I fracture toughness [2]. The knowledge of fracture toughness values and crack growth 
behaviour is conditional for predicting damage extension [3]. Therefore, crack growth is monitored during 
laboratory testing. Visual observation using optical devices (camera and microscope) may be limited or even 
inapplicable under some test environments (e.g., testing in a climatic chamber). Several methods such as acoustic 
emission (AE), acousto-ultrasonics and fibre Bragg grating, which might substitute optical techniques, have been 
utilized for crack growth monitoring in composites [4,6,7,8,10]. Finite element analysis based on different 
techniques has also been used for predicting delamination [5]. Moreover, non-visual damage detection and 
characterization systems related to the structural health monitoring (SHM) concept have already been implemented 
in aerospace and other engineering structures [9]. 
 AE phenomena are referred to the elastic waves generated by the dynamic release of mechanical energy; 
therefore, the AE method is a non-destructive technique fully capable of determining micro damages during 
delamination in CFRP composites [12,14]. Previous researchers reported a linear relationship between crack growth 
and cumulative AE energy or cumulative count rate [4,5]. Other studies investigated the damage area using the 
localization of AE events [6,11]. 
 During DCB testing, the simplest AE sensor arrangement is established, so AE events may be linearly localized 
by time differences of the arrived signals. The objective of this paper is to compare three methods of crack growth 
curve determination. The first method uses optical devices; the second and third methods use the AE method, 
specifically by the cumulative signal energy and localized sources of AE events. A suitable statistical method to 
determine the crack growth curve from a large amount of data is proposed. Finally, the test results are compared for 
two factors: the effect of elevated and cryogenic temperatures and the effect of nanofillers present in the 
microstructure. 
 
2. Experimental Procedures 
2.1. Specimens and test arrangement 
Mechanical testing was performed according to the ASTM D5528 standard [2]. The first set of DCB specimens 
were cut from the panel made of tetraglycidylmethylenedianiline (TGMDA) + butanedioldiglycidyl ether (BDE) 
epoxy resin with 24 plies of carbon fibre fabric with a sequence of lamination (0° / 90°) referred to as the reference 
material. The additional specimens cut from the second panel contained nanoparticles (nanofillers) dispersed 
throughout the epoxy resin. A polymer foil with the length of approximately 60 mm was inserted into the midplane 
of the laminated panels as an artificial initial delamination [2]. The HW specimens were conditioned for several 
months at 70˚ C / 85% RH in a humidity chamber until reaching equilibrium of weight gain. The mass percentage 
change was measured with a precision of 0.1 mg at regular intervals during the conditioning. Fig. 1 characterizes the 
dimensions of the specimens, and Fig. 2 illustrates the test arrangement in the climatic chamber. The grips of the 
Instron 55R 1185 tensile machine were placed into the environmental chamber, and the tests were conducted at 
80 °C (HW) or at -55 °C (CT) at a constant crosshead rate of 5 mm/min. 
 
 
Fig. 1: Specimen dimensions. 
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Fig. 2: Test arrangement in the environmental chamber. 
Three IDK-09 PZT sensors made by the Dakel Company were used to detect the elastic waves with an extended 
temperature range of use and calibration for the frequency range from 25 kHz to 600 kHz. Data were recorded by 
Dakel-Xedo measuring and a data acquisition system with a 4 MHz sampling rate and a 1 μs time resolution. 
Acoustic coupling between the sensors and the specimen surface was completed using an M Bond 200 adhesive kit. 
The first sensor was placed 48 mm from the foiled edge, and the second and third sensors were placed 150 mm from 
the same edge. The sensor sensitivity was enhanced with a 34 dB preamplifier, and the SW amplification was set to 
20 dB, so the final amplification was 54 dB. Crack growth monitoring was registered during all the tests using a set 
of video cameras. The DCB specimen edges were painted white to easily determine the actual propagated crack tip. 
 
3. Test Results 
3.1. Visual measurement of crack growth 
The actual crack tip position coordinates were obtained using the visual specimen edge observation. These sets of 
data points were used for interlaminar fracture toughness GIC determination according to ASTM D5528 using the 
modified beam theory. Table 1 summarizes obtained GIC values calculated as the median value over the propagated 
crack length. 
Table 1: Interlaminar fracture toughness GIC 
Specimen GIC [J/m2] Specimen GIC [J/m2] 
4B HW1 519 5C HW1 462 
4B HW2 449 5C HW2 463 
4B HW3 513 5C HW3 440 
4B CT1 413 5C CT1 502 
4B CT2 787 5C CT2 672 
4B CT3 361 5C CT3 337 
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3.2. Crack growth curve determination using AE energy 
Acoustic emission data processing was used to derive the crack growth curves. AE energy is proportional to the 
root mean square (RMS) of the measured signal [12]. The background noise of the environment was removed and 
only energy from the AE sources was taken into account. The linear relationship between the cumulative AE energy 
and the visually observed crack length was proved, as seen in Fig. 3. The linear equation is given as follows: 
ܥܧ஺ா ൌ ܿ כ ܽ஺ா ൅ ݀,   (1) 
where  ܥܧ஺ா  is the AE cumulative energy, ܽ஺ா is the crack length and ܿ, ݀ are coefficients of the equation referred 
to as the slope and intersect, respectively. The crack length at any time of the testing could be computed by the 
following equation: 
ܽ஺ா ൌ ஼ாಲಶିௗ௖   ሺʹሻ
 
Fig. 3: Linear relationship between the AE cumulative energy and the visually observed crack length 
Fig. 4 represents the comparison between the AE-based crack growth curve and the visually observed crack 
length for two specimens. The results are in a good agreement according to the absolute mean error for each 
specimen, as summarized in Table 2. 
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Fig. 4: Comparison between the visual crack length points and the curve obtained from the AE energy for specimens a) 5C CT1 and b) 5C CT2. 
Table 2: Mean absolute percentage error (MAPE) of the 
AE crack growth prediction vs. the visually measured data 
Specimen MAPE [%] Specimen 
MAPE  
[%] 
4B HW1 2.59 5C HW1 8.85 
4B HW2 2.49 5C HW2 4.11 
4B HW3 2.92 5C HW3 3.47 
4B CT1 2.52 5C CT1 3.37 
4B CT2 2.18 5C CT2 2.40 
4B CT3 2.00 5C CT3 5.03 
3.3. Crack growth curve determination using AE source localization 
To determine the linear localization based on the arrival time, the time differences method is also utilized to track 
the crack growth. This method may be used because of the linear arrangement of the sensors. The sound velocity 
value needed to locate the AE sources was determined as 6000 m/s by a pencil lead break test. The Hsu – Nielsen 
source was also used for the sensitivity verification of the sensors and for the entire transmission system 
functionality according to EN 13477-2 [13]. The localized AE events depicted in Fig. 5 represent different damage 
sources based on their position; thus, the crack tip propagation, fibre breakage, matrix cracking, etc. occur within the 
same short time interval.Therefore, the AE sources cover a certain area in front and behind the crack tip (+∆l/- ∆l). 
 
Fig. 5: Localized AE events between sensors S1 and S2 for specimen 4B CT3. 
a) b) 
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The crack growth curve determination based on localization required data analysis. First, the outliers were 
removed and then smoothing with the moving average was performed. To avoid difficulty with dividing the AE 
events into time intervals, the moving average algorithm was suitable for the following analysis. The determined 
curve was compared to the visual points and the AE cumulative energy curve, as seen in Fig. 6. The overall values 
for the absolute mean percentage error are shown in Tab. 3. The average number of AE events in time (event count 
rate) expressing the AE activity is summarized in Table 4. 
 
Fig. 6: Comparison of the crack growth curves obtained by the AE methods and visual observation. 
Table 3: Mean absolute percentage error (MAPE) of the 
curve obtained by the AE localization vs. the visually 
measured data 
Specimen MAPE [%] Specimen 
MAPE  
[%] 
4B HW1 7.44 5C HW1 14.70 
4B HW2 6.89 5C HW2 4.11 
4B HW3 3.88 5C HW3 2.92 
4B CT1 10.98 5C CT1 4.86 
4B CT2 3.84 5C CT2 7.18 
4B CT3 10.33 5C CT3 7.76 
 
Table 4: AE average event rate  
Specimen Event rate [s-1] Specimen Event rate [s-1] 
4B HW1 1.85 5C HW1 1.1 
4B HW2 2.27 5C HW2 1.57 
4B HW3 2.74 5C HW3 1.75 
4B CT1 2.97 5C CT1 2.32 
4B CT2 3.27 5C CT2 2.35 
4B CT3 2.74 5C CT3 2.15 
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3.4. Statistical evaluation and discussion 
The test results were evaluated using a 2-way ANOVA (analysis of variance) statistical hypothesis model (Fig. 7, 
Fig. 8). The influence of two factors, the material and the test environment, on the specific measured dependent 
variable was examined. These analyses indicate the following conclusions: 
 
x The type of material influences how well the crack growth curve obtained from the cumulative acoustic energy 
fits the visual observed data, which is the result of a high linear correlation between the visually observed crack 
length and the cumulative AE energy (Fig. 7a). The reference material fits better; however, the curves for the 
reference material and the material with nanofillers are in a good agreement. 
x The crack tracking using the localization method and the following data processing with a moving average 
indicate no significant relationship with the factors (Fig. 7b). The curves are shifted below the visual based 
points, which may be explained by the majority of the source locations in the area of fibre bridging. 
x The AE average event rate per second results in statistically significant dependence on both the environment and 
the material (Fig. 8a). The rate is definitely higher for the environment with cryogenic temperatures. 
x The slope of the corresponding linear function that expresses the cumulative energy release rate reflects the effect 
of the environment (Fig. 8b). Increased slopes belong to specimens tested in cryogenic temperatures. The same 
trend indicates GIC values; therefore, a stronger interface may cause a higher rate of released AE energy. 
 
 
 
Fig. 7: ANOVA tables – measure of accuracy of (a) AE crack growth prediction vs. visually measured data (b) curve obtained by AE localization 
vs. visually measured crack length (depending on material and environment). 
 
 
 
Fig. 8: ANOVA tables for  (a) AE event rate, (b) slope of the fitted linear function (in relation to material and environment). 
a) 
b) a) 
b) 
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4. Conclusions 
The purpose of this paper was to compare three different methods to identify the crack growth curves of DCB 
specimens. In actual conditions, visual determination has a number of limitations (e.g., environment and location of 
the critical area). The curves of the crack propagation obtained using AE cumulative energy have shown only a 
3.49% average error. The localized AE events were processed using the moving average, and the average error of 
the final curves was 7.13%. These curves were shifted below the visual points, which could be explained by the 
maximum of AE events present in the area of fibre-bridged cracks. Finally, the influence of material and 
environmental conditions was evaluated using 2-way ANOVA. The similar trend was found between the AE event 
rate, the cumulative AE release rate (expressed as slope) and the fracture toughness GIC. Further study of the issue 
would be of interest, especially using AE localization of complex shaped specimens. 
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